ABSTRACT In this paper, we present thin-film transistors (TFTs) with a zinc-tin-oxide (ZTO) layer achieved through magnetron co-sputtering. Amorphous ZTO TFTs with an Sn concentration of 2.49%, 6.95%, 7.11%, 11.95%, and 16.47% were fabricated, to investigate the effect of low-doped Sn. With a doping of 2.49% Sn, the electrical characteristics of TFTs can be obviously improved. After annealing at 440 • C, the optimal TFTs displayed a field-effect mobility of 8.71 cm 2 /V·s, a high I on/off ratio of over 10 8 , a subthreshold swing of 0.17 V/decade, and a turn-on voltage of −0.4 V, even with an Sn concentration of only 11.95%. Meanwhile, the shift of turn-on voltage under negative gate bias stress was only −0.4 V.
I. INTRODUCTION
Due to the advantages of excellent electrical characteristics, low fabrication temperature and high light transmittance, metal-oxide (MO) semiconductors are widely considered appropriate active materials for thin-film transistors (TFTs), to drive active-matrix organic light-emitting diode (AMOLED) displays [1] - [3] . Many MO semiconductors, such as a-IGZO, ITZO, IZO and ATIZO, have been proposed, and these demonstrate remarkable electrical characteristics [4] - [7] , as the binary ZnO semiconductors, ordinarily in the polycrystalline state, have the non-uniformity and instability issues [1] , [8] . However, it is essential to reduce the usage of In as far as possible, as it is a rare element and somewhat noxious.
On the other hand, without any rare and deleterious elements, zinc-tin-oxide (ZTO) semiconductor is of interest as a promising alternative. As a post-transition-metal cation, the Sn 4+ cation has large radii and 4d 10 5s 0 5p 0 electron configurations similar to the In 3+ cation. And the spatial overlaps of 5s orbitals could form the carrier percolation paths between adjacent atoms [4] , [9] . Therefore, ZTO TFTs can exhibit a high mobility, even in the amorphous state [10] . In the previous work, Hoffman optimized the mobility and turn-on voltage (V on ) of ZTO TFTs with an intermediate Zn:Sn atomic ratio [11] , when McDowell et al. observed the lowest mobility under an alike Zn:Sn atomic ratio [12] . Kuo et al. found that ZTO TFTs with a low Sn content displayed better electrical performances [13] . Han et al. achieved polycrystalline ZTO TFTs (zinc/tin alloy target with 3% SnO 2 ) with a saturation mobility of 66.7 cm 2 /V·s [14] , but the polycrystalline nature actually hinders the application in large-size fabrication. Afterwards, many works focused on the optimization of ZTO TFTs, such as the processing temperatures [15] , stability issues [16] , oxygen flow rates [17] , and processing routes [18] , [19] . More detailed work on the effect of low-doped Sn is still limited, as it is possible to achieve high-performance amorphous ZTO TFTs with a low Sn doping.
In this paper, we present amorphous ZTO TFTs achieved through magnetron co-sputtering. Amorphous ZTO TFTs 
II. EXPERIMENT
Channel layers (∼40-nm-thick) were deposited at room temperature through magnetron co-sputtering of 2-inch-diameter FTO (95 wt% SnO 2 and 5 wt% F) and high-purity ZnO targets. The doped F into the FTO is in favor of the electrical conductivity [20] . Additionally, without adequate F in the synthesized films after annealing, we still name the channel layers as ZTO thin films instead of FTZO thin films. The base pressure in the chamber was pumped to 6×10 −6 Torr before deposition. During the deposition, the flow rates of Ar and O 2 were fixed at 12 sccm and 0.6 sccm, respectively, with a working pressure of 7.5×10 −3 Torr. The direct-current power (P DC ) for the FTO target was configured from 6 W to 9 W, 13 W, 16 W and 20 W with a fixed RF power (150 W) for the ZnO target. The schematic of ZTO TFTs with a top-contact bottomgate structure is shown in Fig. 1(a) . First, glass substrates were successively cleaned by de-ionized water and isopropyl alcohol under the sonication for 30 minutes. And then a 300-nm-thick Al:Nd film (3 wt% Nd) was deposited on the glass substrate by magnetron DC sputtering and patterned by wet etching. Second, it was coated by 200-nm-thick AlO x :Nd via an anodic oxidation process, forming a gate insulator [21] . After that, ZTO thin film was deposited on the AlO x :Nd, as the channel layer. The deposition conditions were described in detail above. Last, source and drain (S/D) electrodes (240-nm-thick) were formed through a shadow mask during the sputtering of ITO (90 wt% In 2 O 3 and 10 wt% SnO 2 ) under a pure Ar condition, resulting in a channel width/length of 300/300 µm. Here, the DC power for the ITO target was 85 W with a working pressure of 3.8×10 −3 Torr. For optimization, the TFTs were annealed at a temperature of 300 • C, 350 • C, 400 • C, 440 • C and 490 • C in air for 30 minutes. The electrical characteristics of TFTs were measured in the dark at room temperature by an Agilent 4155C semiconductor parameter analyzer, with an ambient relative humidity at ∼40%. Fig. 1(b) shows the XRD spectra of pure glass substrates, ZnO thin films annealed at 440 • C and ZTO thin films deposited with a 16-W P DC on glass substrates. Before measurements, the ZTO thin films were annealed at different temperatures from 300 • C to 490 • C in air for 30 minutes. In contrast with the XRD spectrum of glass substrates, two broad peaks in the XRD spectra of all films doubtlessly originate from the amorphous glass substrates. And there are no diffraction peaks in the XRD spectra of ZTO thin films as a (002) diffraction peak is observed in the XRD spectrum of ZnO thin films. It means that ZTO thin films can retain the amorphous state despite the annealing temperature, due to the doping of Sn. Additionally, to understand the microstructure of amorphous ZTO thin films, an atomic force microscopy (AFM) image is shown in Fig. 1(c) , describing their surface topography. The ZTO thin films were deposited with a 16-W P DC on glass substrates and annealed at 440 • C. The measured root-mean-square (rms) roughness is 1.03 nm within a 1×1 µm 2 region, making a contribution to reducing the interfacial scattering.
III. RESULTS AND DISCUSSION
Chemical states of oxygen and material composition of the ZTO thin films with different P DC , were analyzed by the X-ray photoelectron spectroscopy (XPS). Before the analysis, these films had been annealed at 440 • C in air for 30 minutes. As shown in Fig. 2(a) -(e), O 1s spectra were fitted with three peaks O I , O II and O III at 530.2 ± 0.1, 531.3 ± 0.1 and 532.1 ± 0.1 eV, relevant to the oxygen in VOLUME 7, 2019 633 stoichiometric oxidized bonds, oxygen vacancies (V o ) and chemisorbed oxygen, respectively [16] , [22] , [23] . Fig. 2(f) shows the variations of relative area ratio of O II peak, Sn atomic concentration, Zn atomic concentration and Sn/(Sn+Zn) atomic ratio. They were derived from ZTO thin films under different P DC after annealing at 440 • C. Here, the Sn atomic concentration refers to the percentage of Sn content in the total thin films. In general, it increases with the increase of P DC . Note that, the relative area ratio of O II peak reduces notably from 10.61% to 6.48% when P DC rises from 6 W to 9 W, indicating the large decrease in the V o concentration in the channel layer. Afterwards, it holds steady as P DC rises, followed by a slight decrease at P DC = 20 W. Also, exhibited by the XPS results, the F concentration in the synthesized films was some 1% before annealing. However, no F was detected by the XPS after annealing, thus without any effects on the relevant TFTs. The reason why F disappeared is unknown now.
The binary ZnO TFTs and ZTO TFTs with different Sn concentrations were fabricated by controlling the P DC , to investigate the effect of low-doped Sn on the electrical characteristics. Before measurements, they were annealed at 440 • C in air for 30 minutes. Fig. 3 shows their transfer curves at drain voltage (V ds ) = 20 V and key electrical parameter variations as a function of P DC . Derived from the linear region of the transfer characteristics at V ds = 0.1 V, the field-effect mobility (µ fe ) is given by: Herein, L and W denote the channel length and width, respectively. C OX and g m are the transconductance and gate insulator capacitance per unit area (38 nF/cm 2 ), respectively. In contrast with the binary ZnO TFTs, the electrical characteristics of ZTO TFTs can be obviously improved, even with a very low Sn concentration (2.49%) under a 6-W P DC , and further improved when P DC rises from 6 W to 9 W. In particular, V on shifts from −5.2 to −0.8 V, as shown in Fig. 3(b) . It means that the free carrier concentration drops evidently, relating to the decrease in V o concentration, as shown in Fig. 2(f) . It is because V o , as a donor defect, contributes to the free carrier concentration [24] . Moreover, with the further rise of P DC (≥9 W), V on stays at some 0 V. On the other hand, it is found that the variation of µ fe is consistent with the variation of on-off current ratio, contrary to that of SS. And the µ fe naturally reaches a maximum at the 16-W P DC as the SS drops to a minimum, since the SS is in line with the total trap density (N total ) in the channel-layer bulk and at the gate dielectric/channel interface, essentially affecting the µ fe [25] .
TFTs with a 16-W P DC benefit from the synergic effects between V o concentration and Sn/(Sn+Zn) atomic ratio, as V o defects also act as carrier traps and Sn 4+ cations make a greater contribution to the electron conduction than Zn 2+ cations due to the larger electron orbitals [9] , [26] . According to the best electrical characteristics shown in Fig. 3 , the optimal P DC in this work is 16 W. Since annealing temperature also has a great impact on the electrical characteristics, TFTs with a 16-W P DC were probed, after annealing at different temperatures in air for 30 minutes. Fig. 4(a) and (b) show their transfer curves and key electrical parameter variations, respectively. It is found that the transfer curves have a monotonously negative shift as annealing temperature increases by degrees. At the same time, the ON-state current rises monotonously. It is known that the bonding strength of both Zn-O and Sn-O in the ZTO thin films is relatively weak, due to the relatively high electronegativity of Zn (1.65) and Sn (1.96). Accordingly, it is reasonable to attribute such a negative curve shift to the rise in the free carrier concentration along with V o concentration after annealing in air, as a result of the oxygen out-diffusion effect [27] . Thus, for further confirmation, chemical states of both oxygen and tin, as well as material composition of ZTO thin films with different annealing temperatures, were also analyzed by the XPS. As shown in Fig. 5 , the relative area ratio of O II peak rises from 4.89% to 6.86% and Sn concentration reduces slightly only by 0.17%, with the increase of annealing temperatures from 300 • C to 350 • C. This is consistent with the negative drift of transfer curves as annealing temperature increases from 300 • C to 350 • C, indicating the increase of V o concentration in the ZTO channel layer, mainly caused by the effect of oxygen out-diffusion. In addition, it is annealing treatment that makes a great contribution to the transition from Sn 2+ to Sn 4+ , resulting in a gradual decrease in SS when annealing temperature ranges from 300 • C to 440 • C. This is confirmed by a quantitative analysis of chemical states of Sn. In detail, Sn 3d spectra were fitted with two peaks at ∼485.9 eV for Sn 2+ and ∼486.4 eV for Sn 4+ [28] , [29] . As shown in Fig. 6 , the intensity of Sn 2+ peak decreases with the increase of annealing temperature. Differently, the intensity of Sn 4+ peak decreases. However, this does not imply that an over-high annealing temperature is acceptable. Apart from the ON-state current, both µ fe and on-off current ratio should be taken into consideration. As shown in Fig. 4(b) , the maximum µ fe and I on/off ratio are obtained from TFTs annealed at 440 • C rather than 490 • C, as SS is degraded after annealing at 490 • C. Additionally, the OFFstate current of TFTs annealed at 440 • C is low to ∼0.2 pA, helping to decrease the static power of devices. In short, an over-high annealing temperature is poor for optimizing the TFTs. Fig. 7 shows the bias stability of ZTO TFTs without any passivation under negative gate bias stress (NBS). The V gs for NBS was set to −20 V for 3600 s. With a V ds at 20 V, it is shown that transfer curve shifts slightly (∼0.4V) with increasing stress time from 0 s to 900 s. Furthermore, the transfer curves are almost overlapped during the test, with increasing stress time from 900 s to 3600 s.
According to the discussion above, the optimal TFTs can be fabricated with a 16-W P DC after annealing at 440 • C. Their transfer and output curves are presented in Fig. 8(a) and (b), respectively. The arrow in the middle of Fig. 8 (b) indicates the variations of I ds -V ds curves for increasing V gs . It is found the TFTs can exhibit good electrical characteristics, even with a Sn concentration of only 11.95%. The extracted µ fe and I on/off ratio are 8.71 cm 2 /V·s and 1.93 × 10 8 , respectively, when the V on is −0.4 V. Moreover, the SS is low to 0.17 V/decade. It means that the N total is 6.6 × 10 11 cm −2 eV −1 , as the N total can be calculated by the following equation: where q and K B refer to the electron charge and Boltzmann's constant, respectively, and T is the absolute temperature [30] .
As shown in the output characteristics, the clear pinch-off and saturation region reflect that the channels can be availably controlled by the gate and drain electrode, giving them the potential to drive AMOLED displays. Finally, comparisons of our ZTO TFTs with that of others are shown in Table 1 below. Even with a low-doped Sn (11.95%), the presented ZTO TFTs in our work displayed good electrical 636 VOLUME 7, 2019 performances, especially showing a SS low to 0.17 V/decade and an OFF-current low to 0.2 pA.
IV. CONCLUSION
In summary, the effects of low-doped Sn and annealing temperature on the amorphous ZTO TFTs were investigated. It is found that the electrical characteristics of TFTs could be obviously improved, even with a very low Sn concentration of 2.49%. Under the effect of annealing treatment, variations of both V o concentration and Sn 4+ density have a great impact on the electrical characteristics of ZTO TFTs. After annealing at 440 • C, the optimal TFTs with a 11.95% Sn concentration presented a µ fe of 8.71 cm 2 /V·s when the SS was low to 0.17 V/decade. Moreover, the I on/off ratio was over 10 8 with a V on of −0.4 V. Without any passivation, the optimal ZTO TFTs also presented a good stability under the NBS.
